abbreviatioNs DC = distant control; GTV = gross tumor volume; KM = Kaplan-Meier; LC = local control; LINAC = linear accelerator; MVA = multivariate analysis; OS = overall survival; PTV = planning target volume; RECIST = Response Evaluation Criteria in Solid Tumors; RPA = recursive partitioning analysis; RTOG = Radiation Therapy Oncology Group; SRS = stereotactic radiosurgery; UVA = univariate analysis; WBRT = whole-brain radiotherapy. ). Median follow-up was 6.3 months (range 1-46 months). At the time of treatment, 7% of patients were categorized as recursive partitioning analysis (RPA) Class I, 89% as RPA Class II, and 4% as RPA Class III. The rate of local failure was 11.4%. Kaplan-Meier LC estimates at 6 and 12 months were 91.3% and 82.2%, respectively. A PTV volume ≥ 0.34 cm 3 was a significant predictor of local failure on UVA (HR 16.1, 95% CI 3.2-292.6, p < 0.0001) and MVA (HR 14.8, 95% CI 3.0-268.5, p = 0.0002). Sixteen patients (57.1%) were noted to have distant failure in the brain with a median time to failure of 3 months (range 1-15 months). Nine patients with distant failures received WBRT, and 7 received additional SRS. Median overall survival (OS) was 9.4 and 7.6 months from the date of brain metastases diagnosis and the date of SRS, respectively. The KM OS estimates at 6 and 12 months were 57.8% and 28.2%, respectively, from the time of SRS treatment. The RPA class was a significant predictor of KM OS estimates from the date of treatment (p = 0.02). Patients who did not receive WBRT after SRS treatment had decreased OS on MVA (HR 3.5, 95% CI 1.1-12.0, p = 0.03), and patients who did not receive WBRT prior to SRS had improved OS (HR 0.11, 95% CI 0.02-0.53, p = 0.007). coNclusioNs Stereotactic radiosurgery for ≥ 5 lesions appears to be effective for selected patients with metastatic melanoma, offering excellent LC. This is particularly important for patients as new targeted systemic agents are improving outcomes but still have limited efficacy within the central nervous system.
M alignant melanoma is a leading cause of brain metastases after lung and breast cancers. Patients who harbor brain metastases uniformly demonstrate poorer outcomes than patients without brain metastases. 15 Furthermore, the outcomes are much worse for those with untreated brain metastases than for patients who have radiotherapeutically controlled intracranial disease. 15 Accordingly, radiotherapy plays a critical role in the management of melanoma brain metastases. Advances in immunotherapy and targeted therapies have led to enhanced disease response in and survival of patients with systemic metastases from malignant melanoma. 13 Therefore, radiotherapy strategies that minimize intracranial neurological morbidities are critical in improving outcomes for these patients.
Traditionally, whole-brain radiotherapy (WBRT) was the predominant treatment paradigm. However, some data have indicated that stereotactic radiosurgery (SRS) can be used to attain similar overall survival (OS) and duration of functional independence without WBRT for single or multiple lesions. 8 One potential concern in using SRS to treat multiple lesions has been the risk of radiation necrosis. However, SRS has demonstrated efficacy in treating 1-4 brain metastases with acceptable toxicities in clinical trials. 14 Moreover, a very small number of retrospective studies have successfully demonstrated the feasibility and safety of SRS in treating patients with more than 4 metastases in lieu of WBRT with acceptable toxicity.
1, 4, 6, 7, 9, 12 Hence, SRS could serve as an ideal alternative to WBRT that could attain the goals of both local disease control in the setting of multiple metastases and the avoidance of the neurocognitive toxicities often associated with WBRT.
There are very limited data on SRS treatment of patients with melanoma brain metastases consisting of multiple lesions (> 5). In addition, the current data have been largely based on Gamma Knife surgery. Therefore, we sought to determine the effectiveness of linear accelerator (LINAC)-based SRS in treating patients who presented with at least 5 melanoma brain metastases. The primary end point of our study was local control (LC), while secondary end points focused on toxicity, OS, and distant failures.
methods
We performed a retrospective analysis of our SRS brain metastases database for the period between January 2008 and December 2012. Patients who had been treated with SRS in a single session for ≥ 5 lesions identified on staging or surveillance Gd-enhanced MRI and who had an established diagnosis of systemic melanoma were selected for study inclusion. The majority of patients had been initially referred for SRS to ≤ 3 lesions, but additional disease was found at the time of thin-slice MRI for treatment planning. These patients were treated with SRS for all gross disease because of their age, performance status, and preference. The SRS-treated patients with a cancer diagnosis other than melanoma, as well as those with fewer than 5 lesions, were excluded. This study was approved by the institutional review board.
liNac-based srs technique
Tumor was defined using Gd-enhanced MRI (Siemens Sonata, Siemens Medical Systems) with 1-mm slices for treatment planning purposes before the delivery of radiation. The MR image was coregistered and fused with CT scanning data (General Electric Medical System). The gross tumor volume (GTV) was designated to encompass the confines of the contrast-enhancing lesion. The majority of cases had a uniform 1-to 2-mm expansion of the GTV to create the planning target volume (PTV). All patients were treated in a single fraction. Doses were prescribed to ensure at least 95% coverage of the PTV with the prescription dose. Dose selection was based on previously published Radiation Therapy Oncology Group (RTOG) data, with dose modification left up to the treating physician.
14 Dose de-escalation was based on proximity to critical structures or significant hemorrhage. Concurrent WBRT was also left up to the treating physician and was used in a minority of the patients. All gross disease was treated with SRS. Treatments were delivered using dynamic conformal arc radiotherapy. Patient immobilization was achieved using a commercially available head mask fixation system (BrainLab AG). Treatments were delivered with the BrainLab Novalis Classic LINAC with 6-MV photons. Imaging was provided with the BrainLab ExacTrac positioning system.
chart review and Follow-up
We retrospectively reviewed patient charts for clinical parameters. In particular, we assessed demographic characteristics, tumor staging data, chemoradiation history, treatment course, imaging data, and SRS treatment plan. Whole-brain radiotherapy was defined as concurrent when, at the time of SRS, it was also planned; and it was defined as previous when it was performed at least 3 months prior to SRS. Patients were stratified based on the recursive partitioning analysis (RPA) classification system. All patients were followed up with clinical examinations and MRI at 2-to 3-month intervals performed in a clinic setting in which the treating radiation oncologists and neurosurgeons evaluated the patient together. Neurological status as well as treatment-related toxicity as defined by the RTOG grading system was assessed. Follow-up MRI studies were reviewed in conjunction with a neuroradiologist. In particular, we assessed for local failure and/ or radiation-induced changes. The most recent Response Evaluation Criteria in Solid Tumors (RECIST) were used to assess local failure based on each individually treated lesion. 16 These criteria establish parameters for complete response, partial response, stable disease, and failure. Complete response, partial response, and stable disease were all considered satisfactory local disease control. Distant failure was defined as new brain metastases or leptomeningeal enhancement outside the previously irradiated volume. Given the inherent 2D limitations of RECIST, we also looked at the 3D volume-based response in patients who were close to the 20% cutoff for failures based on RECIST. 2 This did not change the interpretations of the response, so only RECIST was included in this analysis. A multidisciplinary team including the treating neurosurgeon, radiation oncologist, pathologist, and neuroradiolo-gist assessed radionecrosis of the brain by using MRI. The primary end point for this study was local failure. Secondary end points included distant failure, OS, and toxicity of treatment calculated from the date of treatment to the event date.
statistical analysis
Statistical analyses were performed using JMP 11 (SAS Institute Inc.). Descriptive statistics were used to summarize the cohort, including the median and range for continuous variables or counts and percentages for categorical variables. The OS, LC, and distant control (DC) rates were calculated from the date of treatment to the date of death or progression by using the Kaplan-Meier (KM) method. The log-rank test was used to test differences between groups. The Cox proportional-hazards model was used for univariate and multivariate analysis (UVA and MVA, respectively) to assess the effect of patient, tumor, and other predictive factors of significance on the end points. A 2-tailed p < 0.05 was considered statistically significant.
results patient characteristics and treatment parameters
We identified 149 metastatic brain lesions treated in 28 patients. The clinical characteristics of all 28 patients are listed in Table 1 . The median patient age was 60.5 years (range 38-83 years). All patients had melanoma tumor histology. Twenty-four patients (85.7%) had extracranial disease as well. The majority of patients (67.8%) had 5 lesions, and the rest (32.1%) had 6 lesions. All patients underwent LINAC-based single-fraction SRS. Four patients (14.3%) had received previous WBRT, and 11 (39.3%) had undergone previous SRS. The median radiation dose to each tumor was 24 Gy (range 15-24 Gy; Table 2 ). At the time of treatment, 7% of patients were categorized as RPA Class I, 89% as RPA Class II, and 4% as RPA Class III.
local and distant control
The median follow-up for all patients was 6.3 months (range 1-46 months). The rate of local failure was 11.4%. Kaplan-Meier estimates for LC at 6 and 12 months were 91.3% and 82.2%, respectively (Fig. 1) . Figure 2 displays a competing risk analysis of LC with patient survival. Results of MVA of LC and DC are displayed in Tables 3  and 4 . On UVA and MVA a PTV ≥ 0.34 cm 3 was a significant predictor of local failure with a HR 16.1 (95% CI 3.2-292.6, p < 0.0001) and HR 14.8 (95% CI 3.0-268.4, p = 0.0002), respectively. On UVA PTV ≥ 2 cm 3 was a significant predictor of local failure with a HR of 3.76 (95% CI 1.17-10.4, p = 0.03); however, this factor did not show significance on MVA.
Sixteen patients (57.1%) were noted to have distant failure in the brain with a median time to failure of 3 months (range 1-15 months). Nine patients with distant failures received WBRT, and 7 received additional SRS. 
overall survival
The median OS was 9.4 and 7.6 months from the date of brain metastases diagnosis and the date of SRS, respectively. The KM OS estimate at 6 and 12 months was 57.8% and 28.2%, respectively, from the time of SRS treatment. The RPA class was a significant predictor of KM OS estimates from the date of treatment (p = 0.02). Overall survival according to RPA class is shown in Fig. 3 . Patients who did not receive WBRT after SRS treatment had decreased OS on MVA (HR 3.5, 95% CI 1.1-12.0, p = 0.03), and patients who did not receive WBRT prior to SRS had improved OS (HR 0.11, 95% CI 0.02-0.53, p = 0.007). Univariate and multivariate analyses for OS are shown in Table 5 .
toxicity
Radiation necrosis was confirmed by histological resection in 1 patient (3%). Otherwise, there was no acute or late RTOG Grade 3 or higher toxicity.
discussion
Malignant melanoma has a predilection for the development of brain metastases. Interval development of brain metastases is an ominous sign with a grave prognosis. Although most patients with malignant melanoma are more likely to succumb to systemic complications, uncontrolled intracranial metastases can lead to significant neurological morbidity and death. Whole-brain radiotherapy has demonstrated effectiveness in controlling brain metastases but comes at a price since some patients will develop neurocognitive deficits posttreatment.
10 Stereotactic radiosurgery is a focal strategy shown to be quite effective in treating melanoma metastases. 11 However, there are very limited data on exploring its utility in treating patients with more than 4 lesions.
1, 4, 6, 7, 9, 12 Over the last few years, we have made a paradigm shift within our radiotherapy practice whereby SRS has become the preeminent treatment modality for patients with multiple brain metastases, and melanoma has been the predominant tissue histology.
We were therefore in a unique position to assess the effectiveness and safety of SRS in patients with 5 or more melanoma brain metastases given the intrinsic radioresistant phenotype of melanoma. Our results clearly demonstrate acceptable LC rates without any significant toxic effects when SRS is employed in melanoma patients with 5 or more brain metastases. The ability to locally control melanoma brain metastases with LINAC-based SRS was the primary outcome objective in our study. Our findings of excellent LC rates were consistent with prior reports in the literature.
1,4,12 In particular, we noted a local failure rate of 11.4%. The KM LC estimates at 6 and 12 months were 91.3% and 82.2%, respectively. Salvetti et al. reported similar control rates of 92.4% at 6 months and 84.8% at 12 months when they used Gamma Knife radiosurgery to treat 5 or more brain metastases. 12 Our results at least demonstrate effective control rates with SRS even for radioresistant tumors like melanoma. More importantly, we identify a potential role for SRS in the LC of multiple brain metastases from malignant melanoma.
In addition, our study shares features similar to those in previous series looking at SRS for more than 4 lesions.
1,4,6,7,9,12 Table 5 summarizes results of the current study, which are compared with previous published data on treating multiple brain metastases (≥ 5 lesions). As in the above series, our patient population was significantly enriched with RPA Class II patients. At the time of treatment, 7% of patients were classified as RPA Class I, 89% as RPA Class II, and 4% as RPA Class III. The RPA class is particularly important since it is prognostic for OS. 1, 4, 6, 7, 9, 12 This difference is a reflection of the fact that melanoma patients at our center underwent routine surveillance brain MRI every 2-3 months. Hence, lesions were usually identified and treated very early on in the course of brain metastases. Since there is an established inverse correlation between tumor size and LC from SRS, 5,14 our surveillance strategy could account for the excellent LC rates we observe for radioresistant metastases such as malignant melanoma.
A significant predictor of treatment failure was the PTV volume. We noted that a PTV volume ≥ 0.34 cm 3 was a significant predictor of local failure on UVA (HR 16.1, 95% CI 3.2-292.6; p < 0.0001) and MVA (HR 14.8, 95% CI 3.0-268.5, p = 0.0002). A growing body of literature uses a PTV cutoff of 2 cm 3 as significant for improved LC, which was less significant in our cohort. 17 As previously mentioned, our PTV volumes were markedly smaller than the median PTVs of similar series for the reasons described above. While LC was excellent, distant failures within the brain were noted for 16 patients (57.1%), a reflection of the aggressive biology of malignant melanoma. Since our practice paradigm favors SRS over WBRT, we were able to control distant failures in 7 of the 16 patients by using SRS. The remaining 9 patients were treated with WBRT as a last salvage measure. Since we are prone to identify and treat lesions with SRS when they are smaller, we can subsequently treat newer lesions with SRS when they arise given the low probability of SRS treatment plan overlap and delayed WBRT. We observed median OSs of 9.4 and 7.6 months from the date of brain metastases diagnosis and the date of SRS, respectively. The KM OS estimate at 6 and 12 months was 57.8% and 28.2%, respectively, from the time of SRS treatment. Our median OS falls within the higher range as compared with similar series. It is also excellent given that our series is enriched with the radioresistant histology of melanoma.
1, 4, 6, 7, 9, 12 The most recent multiinstitutional prospective observational study found a median OS of 10.8 months in patients with 5-10 lesions, which was comparable to survival in those with 2-4 lesions. 18 The population in that observational study is different from our cohort given that the majority of their patients had controlled extracerebral disease (68%) and that all primary histologies were included, with a minority of melanoma cases. We further identified RPA class as a significant predictor of KM OS estimates, a finding consistent with what has already been established. We also noted a paradoxical effect of WBRT on OS, in that OS was favorably impacted in patients who did not receive WBRT prior to SRS. This finding could be a reflection of the intracranial disease burden. Interestingly, OS was adversely impacted in patients who did not receive WBRT after SRS treatment. The reasons for such an observation are quite unclear. Our series contained only 28 patients with a total of 149 lesions. Perhaps additional studies with larger sample sizes could further elucidate the significance of the paradoxical effects of WBRT on OS in patients with melanoma.
Stereotactic radiosurgery for multiple melanoma brain metastases did not appear to induce any increase in significant toxicity either acute or delayed in our patient cohort. A larger sample size will be necessary for future studies, and the small sample is a limitation of our current analysis. Furthermore, our study has the inherent limitations of a retrospective study. Patients received varied systemic therapy for a variable disease burden at the time of SRS. Additionally, our patients had smaller PTV volumes than those previously published. Nonetheless, this study is unique in addressing the role of LINAC-based SRS in treating patients with 5-6 melanoma brain metastases.
conclusions
In summary, this study provides retrospective outcomes from a single institution utilizing LINAC-based SRS in treating multiple melanoma brain metastases. We were able to achieve minimal toxicity while maintaining excellent local disease control for this radioresistant entity. Data in this study support a role for SRS in multiple brain metastases. 
